Abstract This study aims to clarify the effect of adsorbability, desorbability, biodegradability and activated carbon type on the extent of bioregeneration in the treatment of phenol. For this purpose, four different activated carbon types; one thermally activated and one chemically activated powdered carbon (PAC), and their granular countertypes (GAC) with similar physical characteristics were used. Adsorption isotherms showed that the thermally activated carbons, either in powdered or granular form, were better adsorbers for phenol than the chemically activated ones. However, adsorption was more irreversible in the case of thermally activated carbons. Bioregeneration of chemically activated carbons were found to be higher in accordance with their higher reversibility of adsorption showing that bioregeneration was controlled by the reversibility of adsorption. Bioregeneration efficiencies for the thermally activated carbons were much higher than their efficiencies of total desorbability. This indicated that some exoenzymatic reactions might have occurred so that phenol was bioregenerated more than expected.
Introduction
In all activated carbon applications, the available adsorption sites become exhausted with adsorbed pollutants and the activated carbon loses its adsorptive capacity. One method for the regeneration of spent activated carbon is biodegradation of previously adsorbed organic matter. Bioregeneration is a term used to describe the synergism between activated carbon and microorganisms in a combined system of activated carbon and biological treatment. The process occurring in these systems is called bioregeneration, as long as the previously adsorbed pollutants are biologically degraded by the microorganisms and consequently the service life of activated carbon is extended (Speitel and Digiano, 1987; Jonge et al., 1996a; Ha and Vinitnantharat, 2000; Vinitnantharat et al., 2001) . Bioregeneration mechanism requires the desorption of an initially adsorbed compound through the bulk solution such that further biodegradation occurs (Schultz and Keinath, 1984) . Bioregeneration is dependent on the adsorbability of the pollutant, desorbability or reversibility of adsorption and biodegradability of the adsorbed compound. One of the mechanisms leading to irreversible adsorption is the high energy bonding of adsorbate molecules to specific functional groups on the active sites of carbon surface resulting in covalent bonding that resists desorption (Jonge et al., 1996b; Ha and Vinitnantharat, 2000) .
Due to their extensive use, aromatic compounds are widespread pollutants present in many industrial effluents. Phenol and phenolic compounds are widely used in the industry for the production of paint preservatives, adhesives, leather, textile goods, pesticides and antimicrobial agents. They are usually poorly degraded in conventional wastewater treatment systems and can be very effectively removed by activated carbon adsorption. Therefore, combination of biological treatment with activated carbon adsorption is a promising method for the removal of phenolic compounds. Particularly, bioregenerability of activated carbon facilitates their removal in these systems without increasing costs (Jonge et al., 1996a, b; Ha and Vinitnantharat, 2000) .
This study aims to clarify the effect of adsorbability, desorbability, biodegradability and activated carbon type on the extent of bioregeneration in the treatment of aromatic compounds. For this purpose, two different PACs; thermally activated Norit SA4 and chemically activated Norit CA1, and their granular countertypes (GACs) with similar physical characteristics; thermally activated Norit PKDA and chemically activated Norit CAgran were used for determination of bioregeneration.
Materials and methods

Activated carbon characteristics
Norit SA4 and its granular countertype PKDA are steam activated carbons. Norit CA1 and its granular countertype CAgran are produced by chemical activation using the phosphoric acid process. The characteristics of the four commercial carbon types can be seen in Table 1 . All activated carbon samples were obtained from the Norit Company, the Netherlands.
Experimental work
Adsorption and desorption studies were performed in 250 and 100 mL flasks, respectively, shaken at 140 rpm and 25 8C. For determination of adsorption isotherms, different masses of activated carbon (200 -1,500 mg/L) were contacted with fixed concentrations of phenol (200 mg/L) and the mixture was agitated until reaching equilibrium. Equilibrium concentrations in the adsorption flasks were measured and used for the construction of adsorption isotherms. Desorption isotherms were constructed according to a batch-displacement technique (Aktaş and Ç eçen, 2006a) . A known weight of activated carbon (2,000 mg/L) was initially loaded with phenol as in adsorption batches. After adsorption equilibration, the supernatant was removed by centrifugation and the sorbate concentration in the supernatant was measured. The supernatant was replaced by distilled water. Desorption of phenol from activated carbon occurred until equilibrium. Upon equilibration, the concentration in the liquid phase was measured. Desorption was conducted successively until the phenol concentration in the supernatant was under detection limit (, 0.1 mg/L). A succession of desorption steps produced a desorption isotherm. After each successive desorption step, the new hypothetical activated carbon loading for the following desorption step was calculated by subtracting the amount of desorbed phenol from the activated carbon loading at the beginning of the desorption step.
The second step was determination of the biodegradability and bioregenerability of phenol in parallel batch biodegradation and bioregeneration experiments. The experimental set-up consisted of 2 L plexiglass batch reactors, the tops of which were closed by conic covers. Spent air was removed by a hose and passed through a gas-wash bottle. Air was supplied by a compressor to provide sufficient oxygen and mixing was provided by magnetic stirrers. The temperature in the reactors ranged between 22-25 8C, and dissolved oxygen concentrations were always above 4 mg/L. Microorganisms were obtained from a laboratory-scale batch activated sludge reactor which was semi-continuously fed with a synthetic wastewater (Aktaş and Ç eçen, 2001 ). The stock mineral salts solution was composed of 5,000 mg/L (NH 4 ) 2 SO 4 , 2,000 mg/L KH 2 PO 4 , 2,000 mg/L K 2 HPO 4 , 2,000 mg/L MgSO 4 .7H 2 O, 450 mg/L CaCl 2 , 200 mg/L FeCl 3 .6H 2 O, and 3,000 mg/L NaHCO 3 . This solution was suitable for a wastewater with a COD of 10,000 mg/L and was diluted in phenol biodegradation and bioregeneration reactors in proper amounts to compensate for the nutrient requirement (Aktaş and Ç eçen, 2006b) .
In batch bioregeneration studies, activated carbon was initially loaded with phenol as in adsorption experiments. The supernatant was removed by centrifugation. By measuring the amount of phenol remaining in the supernatant, the loading on the activated carbon was calculated. Loaded activated carbon was mixed with activated sludge and the mineral salts solution in these bioregeneration reactors. Biodegradation reactors were operated in parallel to bioregeneration reactors. The control biodegradation reactor was fed with an amount of phenol equal to the amount of phenol loading on the activated carbon of the bioregeneration batch. Also, mineral salts solution and activated sludge were provided to the biodegradation reactors in equal amounts as in the bioregeneration reactors. The phenol and COD concentrations in the bulk solutions of the two reactors were measured as time proceeded. Oxygen uptake rate (OUR) measurements in the bioregeneration batches were made to provide useful data for the determination of bioregeneration.
Analysis
The analytical methods used in the experiments followed the Standard Methods (APHA -AWWA -WPCF, 1998). COD analyses were carried out by the closed reflux method. The soluble COD (SCOD) of the final liquids were determined after filtering through 0.45 mm Millipore filters to remove microorganisms and activated carbon particles. Phenol concentrations of the filtered samples were measured colorimetrically according to the 4-amino antipyrene method. Mixed liquor suspended solid (MLSS) analysis was carried out by drying the residue on 0.45 mm Millipore filters for 1 h at 103 8C. Oxygen uptake rates (OUR) in the activated sludge reactors were automatically measured by WTW Microprocessor Oximeter Oxi 3000.
Results and discussion
Adsorption and desorption experiments
The adsorption characteristics of the activated carbons were investigated using the Freundlich model for the adsorption isotherms (Table 2 ) with satisfactory correlations (R 2 . 0.9).
The Freundlich equation given below is very widely used for activated carbon applications: q ¼ adsorption capacity of the activated carbon (mg phenol adsorbed/g activated carbon); C ¼ the equilibrium phenol concentration (mg/L); K f and 1/n are the Freundlich constants (Freundlich exponent and slope). The K f value, which is an indicator of adsorption capacity, was found to be higher for thermally activated carbons compared to chemically activated carbons (Table 2) . Thermally activated carbons were obviously better adsorbers for phenol although the total surface area of chemically activated carbons were much higher than thermally activated carbons (Table 1 ). The adsorption performance depended on internal surface accessibility and chemical surface characteristics of the adsorbent (Jonge et al., 1996b) , rather than total surface area.The adsorption intensity, 1/n, was shown by the slope of the adsorption isotherm curves (Figure 1a) . Lower 1/n values for thermally activated carbons indicate that an increase in the activated carbon dose was more effective for thermally activated carbons rather than chemically activated carbons with steeper isotherm curves. Powdered and granular countertypes (SA4-PKDA and CA1-CAgran) did not significantly differ in terms of phenol adsorption.
Desorption (Figure 1b ) data for each carbon type were fitted into the Freundlich type equation with satisfactory correlations (R 2 . 0.85). Desorption isotherm constants are shown in Table 2 . K f values obtained for desorption reflect the amount of phenol remaining on activated carbon at the end of desorption experiments. Therefore, desorption capacity is inversely related with calculated K f values contradictory to the situation in adsorption experiments. High K f values for thermally activated carbons SA4 and PKDA showed that the phenol loading on carbon was still high after desorption. Therefore, it can be deduced that the desorbability is lower for thermally activated carbons and higher for chemically activated carbons CA1 and CAgran. Also, lower 1/n values for thermally activated carbons indicate that desorption is more difficult from these carbons. On the other hand, K f values for adsorption and desorption were obtained at different activated carbon doses as explained in the previous section. Higher K f values for desorption, particularly in the case of thermally activated carbons, was because of higher initial phenol loadings in the desorption experiments. Reversibility of adsorption can be expressed as a degree of hysteresis (w) by using Equation (2) (Ha and Vinitnantharat, 2000) : where 1/n des and 1/n ads are the desorption and adsorption intensities obtained from Freundlich isotherms, respectively. Apparently, the higher degrees of hysteresis (higher irreversibility) calculated in the case of thermally activated carbons compared to chemically activated ones (Table 2 ) agree well with the findings of the isotherms. High irreversibility of adsorption implies that the dominant adsorption mechanism is the highenergy bonding to specific functional groups on the activated carbon surface. Direct reaction of compound molecules with the active sites on the carbon surface leads to chemisorption (Yonge et al., 1985) . Hence, it can be concluded that chemisorption was the dominant adsorption mechanism for thermally activated carbons, whereas physisorption was dominant for chemically activated carbons. The degrees of hysteresis for the powdered activated carbons (SA4 and CA1) were found to be higher than in the case of their granular countertypes (PKDA and CAgran, respectively). This showed that desorption is more difficult from the PAC compared to its countertype GAC. The reason for this is that the ratio of macropores are higher within the GAC particles compared to their powdered countertypes (Table 1) , because GAC is milled away for production of PAC and some of the macropores are lost during this process. Since desorption is expected to be easier from macropores compared to meso and micropores, desorption from the GAC particles was easier. Adsorption and desorption of phenol were investigated more extensively in a previous paper (Aktaş and Ç eçen, 2006a) .
Biodegradation and bioregeneration experiments
Biodegradation studies showed that phenol was completely removed or converted into nonbiodegradable or slowly biodegradable organics within 48 h of aeration (Figure 2 ). Although phenol was completely removed after aeration, there was still soluble COD in the bulk liquid (30-50 mg/L), which may stem from side-products of phenol removal or soluble microbial products (SMP). In the parallel bioregeneration reactors, lower soluble COD concentrations were detected (15-20 mg/L) at the end of aeration, the reason of which was that the adsorbable organic matter was adsorbed on the bioregenerated activated carbon. The major portion of residual organics in activated sludge effluents consists of metabolic end products synthesized by the biomass (SMP) and a major part of the SMP is adsorbable on activated carbon and nonbiodegradable (Schultz and Keinath, 1984) . The non-acclimated activated sludge in our study was inhibited at the start of each biodegradation and bioregeneration batch as shown by the initially very low oxygen uptake rate (OUR) values. These values increased gradually during the first hours (Figure 2 ). Oxygen uptake rates (OUR) were found to be higher in bioregeneration reactors compared to biodegradation reactors, particularly during the first 24 h of aeration (Figure 2) . In bioregeneration reactors, phenol molecules desorbed from activated carbon were more easily biodegraded, since phenol concentration in the bulk liquid was lower and hence inhibition due to phenol was lower. The higher OUR values in the bioregeneration reactors of our study might also be attributed to the oxidative coupling reactions which consume oxygen.
Using the Freundlich adsorption isotherm constants and the phenol concentrations in the bioregeneration reactors (Vinitnantharat et al., 2001) , bioregeneration efficiencies were estimated (Table 3 ). In literature, it was assumed that bioregeneration kinetics followed a first-order pattern (Kim et al., 1997; Vinitnantharat et al., 2001) . Considering that bioregeneration is basically biodegradation following desorption, the bioregeneration rate should be related to the amount of previously adsorbed phenol rather than the bulk phenol concentration. Therefore, although phenol removal in biodegradation reactors followed a zero-order pattern, bioregeneration kinetics followed a first-order pattern as evidenced from high correlations (R 2 ¼ 0.91 -1).
Bioregeneration of chemically activated carbons were higher in accordance with their higher reversibility of adsorption obtained in previous desorption studies (Table 3 ). This arised due to the fact that bioregeneration was controlled by the reversibility of adsorption. Figure 3a shows that a great portion of the initial phenol loading on chemically activated carbons was removed at the end of several bioregeneration batches. Also, a considerable amount of phenol loaded on thermally activated carbons was removed by bioregeneration. Figure 3b shows the desorption profiles from the loaded activated carbons in the absence of microorganisms. These profiles were obtained from the desorption equilibrium studies. It is obvious that in the absence of microorganisms very little desorption occurred from loaded carbons (Figure 3b ) compared to bioregeneration reactors (Figure 3a) . Thus, it can be stated that desorption serves as a prerequisite step for bioregeneration, but desorption proceeds as long as the bulk phenol is reduced by biological activity and a concentration gradient is created between the carbon surface and the bulk liquid.
On the other hand, bioregeneration efficiencies of thermally activated carbons were much higher than their total desorbabilities (Table 3 ). This indicated that some exoenzymatic reactions might have occurred so that bioregeneration was more than expected. In the literature, some researchers have stated that the bioregeneration mechanism involved extracellular enzymes (Kim et al., 1997; Sirotkin et al., 2001) , and others indicated a mechanism involving desorption due to a concentration gradient only and stated that non-desorbable compounds could not be bioregenerated (Schultz and Keinath, 1984; Jonge et al., 1996a) . Bioregeneration of phenol loaded activated carbon types were investigated more extensively in a previous paper (Aktaş and Ç eçen, 2006b ).
Conclusions
The findings of this study revealed that bioregeneration of activated carbon was greatly dependent on the carbon activation type, chemically activated carbons being more bioregenerable than thermally activated ones. The results of the study indicated that bioregeneration was controlled by the reversibility of adsorption. Chemically activated carbons possessed a very high desorbability compared to thermally activated carbons, although thermally activated ones were better phenol adsorbers. Chemisorption was the dominant adsorption mechanism for thermally activated carbons, whereas physisorption was dominant for chemically activated carbons. The relatively higher irreversible adsorption in the case of powdered activated carbons compared to a similar granular carbon, either thermally or chemically activated, was attributed to the more macroporous structure of GAC particles. Although thermally activated carbons possessed a lower extent of reversible adsorption and bioregeneration compared with the chemically activated ones, higher bioregeneration of these carbons than their total desorbabilities indicated the occurrence of exoenzymatic bioregeneration. The results of this study supported the bioregeneration theory including the exoenzymes 
